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A chicken oviduct cDNA clone containing the complete open
reading frame of the oestrogen receptor (ER) has been isolated
and sequenced. The mol. wt of the predicted 589-amino acid
protein is ~66 kd which is very close to that of the human
ER. Comparison of the human and chicken amino acid se-
quences shows that 80% of their amino acids are identical.
There are three highly conserved regions; the second and third
of which probably represent the DNA- and hormone-binding
domains of the receptor. The putative DNA-binding domain
is characterised by its high cysteine and basic amino acid con-
tent, and the hormone-binding domain by its overall
hydrophobicity. These two domains of homology are also pre-
sent in the human glucocorticoid receptor (GR) and the pro-
duct of the avian erythroblastosis virus (AEV) gene, v-erbA,
indicating that c-erbA, the cellular counterpart of v-erbA,
belongs to a multigene family of transcriptional regulatory
proteins which bind steroid-related ligands. The first highly
conserved ER region is not present in the truncated v-erbA
gene, but shares some homology with the N-terminal end of
the GR. The function of the v-erbA gene product is discuss-
ed in relation to its homology with the ER and GR sequences.
Key words: steroid hormones/DNA-binding protein/transcrip-
tional regulation/oncogene/AEV

Introduction

Steroid receptors are eukaryotic transcriptional regulatory fac-
tors which, in response to the binding of the steroid hormone,
are believed to bind to specific DNA elements and activate
transcription (for review, see Yamamoto, 1985). The recent clon-
ing and sequencing of the human oestrogen receptor (ER) (Walter
et al., 1985; Green et al., 1986) and human glucocorticoid recep-
tor (GR) (Hollenberg et al., 1985; Weinberger et al., 1985a)
has shown that both contain a large degree of homology with
the v-erbA gene product of the avian erythroblastosis virus
(AEV). The AEV genome contains two cell-derived genes termed
v-erbA and v-erbB (for review, see Graf and Beug, 1983). v-
erbA, expressed as a gag—erbA fusion protein, is incapable of
erythroblast transformation, but blocks their maturation and
potentiates the transforming action of the epidermal growth fac-
tor receptor-like oncogene v-erbB (Frykberg et al., 1983).
We have now cloned and sequenced the chicken ER cDNA
to investigate further the relationship between steroid hormone
receptors and erbA proteins as well as to determine which regions
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of the ER are likely to be important for its function, assuming
that such regions are highly conserved.

Results

Cloning of the chicken oestrogen receptor

Previous results have shown that the human ER cDNA clone
AORS8, which corresponds to the complete open reading frame
of the ER (Green et al., 1986), hybridised to a chicken oviduct
poly(A)TRNA of ~7.5 kb under stringent hybridisation con-
ditions, indicating a high degree of homology between the two
sequences (Walter et al., 1985). Poly(A) *RNA, isolated from
laying hen oviduct, was fractionated on denaturing sucrose gra-
dients and aliquots of each fraction analysed on Northern blots
using the nick-translated cDNA insert of A\OR8. The 7.5-kb RNA,
which sedimented faster than 28S, was used to prepare random-
ly primed cDNA which was cloned into the Agt10 vector after
addition of EcoRlI linkers (Materials and methods). The phage
were plated directly, without amplification, and screened in
duplicate using the N\OR8 cDNA insert as a probe. Sixty three
clones were isolated after two rounds of purification. These clones
were further analysed using three fragments of the A\OR8 cDNA
corresponding to the 5’ end, the middle and 3’ end of the ER
coding sequence (see Materials and methods). Two clones,
AcOR20 (2.1 kb) and AcOR21 (2.0 kb), hybridising with all three
probes, were subcloned into pBR322 and mapped. Both clones
have the same restriction map and AcOR20 contains all of the
AcOR21 sequence. All the other clones hybridise strongly to
AcOR20 under stringent conditions, suggesting that they all cor-
respond to partial cDNA sequences of the same RNA. Restric-
tion enzyme fragments of the insert of \cOR20 were subcloned,
in both directions, into the M13 mp8 vector and sequenced us-
ing the dideoxy method (Figure 1).

The chicken oestrogen receptor sequence

The cOR20 cDNA contains a 589 amino acid long open reading
frame (Figure 1) (mol. wt 66 669), which is very similar in size
to that of the human ER cDNA [595 amino acids, mol. wt 66
182 (Green et al., 1986)]. There are 202 nucleotides between
the initiation codon of this open reading frame and the 5’ ex-
tremity of the cOR20 cDNA, indicating that the cER mRNA con-
tains a 5’ leader sequence of at least 202 nucleotides. Two small
open reading frames corresponding to 20 (ORF1) and seven
(ORF2) amino acids are present in this region. Their significance
is unknown, but it is interesting to note that the 232-nucleotide-
long 5' leader sequence of the human ER mRNA also contains
a 20-amino acid open reading frame (Green et al., 1986). There
is, however, no sequence similarity between the two putative
20-amino acid peptides (Figure 2a). Since the chicken ER mRNA
is ~7.5 kb long, it is likely that it contains a very long 3’ un-
translated region as is the case for its human counterpart.

The chicken and human oestrogen receptor sequences are close-
ly homologous

The chicken and human ER amino acid sequences are optimally
aligned by introducing three gaps of four, two and one amino
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acid(s), respectively, in the chicken ER, and a single amino acid
gap in the human ER (Figure 2b). The two proteins show an
80% overall identity of their amino acid residues. Three regions
of high homology, A (87% amino acid identity), C (100%) and

E (94%), are readily discerned. The degree of amino acid iden-

tity is lower in the two intervening regions B (56%) and D (38%)
and in the carboxy-terminal region F (41%) (see also Figure 3a).

Region C, which is hydrophilic, is unusual in its high content
in cysteine, lysine and arginine. Its perfect conservation indicates
that it must play a crucial role in ER function. Other studies have

shown that it contains sequences which are required for tight bin-
ding of the hormone —receptor complex to the nucleus (V.Kumar,
S.Green, A.Staub and P.Chambon, in preparation), suggesting
that it corresponds to the DNA-binding domain. The conserva-
tion of region E indicates that it must also be important for ER
function. We have previously suggested that this hydrophobic
region contains the oestrogen-binding site (Green ez al., 1986).
This has been since then directly supported by deletion ex-
periments which have shown that the integrity of the C-terminal
half of the human ER is required for oestrogen binding

E
coRI —
1 oRF 1 aaEfccTCTCCCTTTCCAGTGCTCACCCTGCATTTGTTAGTATACTCCTGCTTGCCGAGATCAGAGGAATACCT@lATTGCTGcTT
ORF 2
83 TAACATGATTTCTGCTGAGCCTCAGAATAGGTTCTGGTGTTTTTTMTGGACTGCCAGCTGCCGATCTTGCTGTTGACAGTMMGCAGA!@?_ TTGCTCACT(;CCA
203 ATG ACC ATG ACC CTT CAC ACC AAA GCC TCT GGA GTT ACC CTG CTG CAC CAG ATT CAA GGC ACT GAG CTG GAG ACT CTG AGC AGA CCT CAG
Met Thr Met Thr Leu His Thr Lys Ala Ser Gly Val Thr Leu Leu His GIn Ile GIn Gly Thr Glu Leu Glu Thr Leu Ser Arg Pro Gln 30
293 CTG AAG ATT CCC CTG GAA CGA TCG CTC AGC GAC ATG TAC GTG GAA AGC AAC AAG ACA GGA GTT TTT AAC TAC CCA GAA GGG GCC ACC TAC
Leu Lys Ile Pro Leu Glu Arg Ser Leu Ser Asp Met Tyr Val Glu Ser Asn Lys Thr Gly Val Phe Asn Tyr Pro Glu Gly Ala Thr Tyr 60
383 GAT TTT GGT ACT ACC GCT CCA GTG TAC GGC TCT ACT ACA CTC AGT TAT GCC CCT ACT TCT GAA TCT TTT GGG TCA AGC AGC CTG GCA GGA
Asp Phe Gly Thr Thr Ala Pro Val Tyr Gly Ser Thr Thr Leu Ser Tyr Ala Pro Thr Ser Glu Ser Phe Gly Ser Ser Ser Leu Ala Gly 90
473 TTT CAC TCT CTG AAC AAT GTC CCA CCA AGC CCA GTG GTG TTC TTG CAA ACG GCA CCC CAG CTC TCA CCC TTC ATC CAT CAC CAC AGC CAG
Phe His- Ser Leu Asn Asn Val Pro Pro Ser Pro Val Val Phe Leu GIn Thr Ala Pro GIn Leu Ser Pro Phe Ile His His His Ser Gin 120
563 CAG GTA CCC TAC TAC CTT GAA AAT GAA CAG GGC AGC TTT GGG ATG AGG GAA GCT GCT CCT CCA GCC TTC TAC AGG CCA AGC TCT GAT AAT
Gln val Pro Tyr Tyr Leu Glu Asn Glu Gin Gly Ser Phe Gly Met Arg Glu Ala Ala Pro Pro Ala Phe Tyr Arg Pro Ser Ser Asp Asn 150
653  AGG CGC CAC AGC ATT CGT GAG AGG ATG TCT AGT ACC AAT GAG AAA GGG AGC CTG TCC ATG GAG TCC ACC AAG GAG ACC CGG TAC TGT GCT
Arg Arg His Ser Ile Arg Glu Arg Met Ser Ser Thr Asn Glu Lys Gly Ser Leu Ser Met Glu Ser Thr Lys Glu Thr Arg Tyr Cys Ala 180
743  GTG TGC AAC GAC TAT GCT TCA GGC TAC CAC TAT GGG GTC TGG TCT TGT GAG GGC TGC AAA GCT TTT TTC AAA AGA AGT ATT CAA GGG CAC
Val Cys Asn Asp Tyr Ala Ser Gly Tyr His Tyr Gly Val Trp Ser Cys Glu Gly Cys Lys Ala Phe Phe Lys Arg Ser Ile Gln Gly His 210
833 AAT GAC TAC ATG TGT CCT GCC ACT AAC CAG TGT ACT ATT GAC AAG AAC AGA AGA AAG AGT TGC CAG GCC TGC CGA CTA AGA AAA TGC TAT
Asn Asp Tyr Met Cys Pro Ala Thr Asn GIn Cys Thr Ile Asp Lys Asn Arg Arg Lys Ser Cys GIn Ala Cys Arg Leu Arg Lys Cys Tyr 240
923  GAA GTG GGA ATG ATG AAA GGT GGA ATC CGG AAA GAC CGC AGA GGC GGC GAA ATG ATG AAA CAG AAA CGT CAA AGA GAG GAA CAG GAT TCC
Glu Val Gly Met Met Lys Gly Gly Ile Arg Lys Asp Arg Arg Gly Gly Glu Met Met Lys Gln Lys Arg Gin Arg Glu Glu GIn Asp Ser 270
1013 AGG AAC GGG GAG GCT TCT TCT ACA GAG CTG CGA GCT CCA ACC CTT TGG ACA AGF CCA CTG GTG GTT AAA CAT AAC AAG AAG AAC AGT CCG
Arg Asn Gly Glu Ala Ser Ser Thr Glu Leu Arg Ala Pro Thr Leu Trp Thr Ser Pro Leu Val Val Lys His Asn Lys Lys Asn Ser Pro 300
1103 GCT CTG TCT CTG ACA GCA GAA CAG ATG GTC AGT GCC TTG CTG GAA GCT GAG CCA CCT ATA GTT TAT TCT GAA TAT GAC CCC AAT AGA CCA
Ala Leu Ser Leu Thr Ala Glu GIn Met Val Ser Ala Leu Leu Glu Ala Glu Pro Pro Ile Val Tyr Ser Glu Tyr Asp Pro Asn Arg Pro 330
1193 TTC AAC GAA GCA TCT ATG ATG ACC CTG TTG ACC AAC CTT GCA GAC AGA GAA TTA GTG CAC ATG ATC AAC TGG GCA AAG AGA GTT CCA GGA
Phe Asn Glu Ala Ser Met Met Thr Leu Leu Thr Asn Leu Ala Asp Arg Glu Leu Val His Met Ile Asn Trp Ala Lys Arg Yal Pro Gly 360
1283 TTT GTG GAT TTA ACA CTC CAT GAT CAG GTC CAT CTG CTG GAA TGT GCC TGG TTA GAG ATA TTG ATG ATC GGC TTA GTC TGG CGC TCC ATG
Phe Val Asp Leu Thr Leu His Asp GIn Val His Leu Leu Glu Cys Ala Trp Leu Glu Ile Leu Met Ile Gly Leu Val Trp Arg Ser Met 390
1373 GAA CAC CCA GGA AAG CTT TTA TTT GCA CCT AAT CTA TTA CTG GAC AGG AAT CAA GGG AAA TGT GTA GAG GGC ATG GTG GAA ATC TTT GAC
Glu His Pro Gly Lys Leu Leu Phe Ala Pro Asn Leu Leu Leu Asp Arg Asn GIn Gly Lys Cys Val Glu Gly Met Val Glu Ile Phe Asp 420
1463  ATG CTA CTG GCT ACT GCT GCT CGG TTT CGG ATG ATG AAC CTT CAA GGG GAG GAA TTT GTG TGC CTT AAG TCC ATC ATC CTG CTC AAT TCT
Met Leu Leu Ala Thr Ala Ala Arg Phe Arg Met Met Asn Leu GIn Gly Glu Glu Phe Val Cys Leu Lys Ser Ile Ile Leu Leu Asn Ser 450
15653  GGT GTG TAC ACT TTT CTT TCT AGC ACC TTG AAA TCT CTG GAA GAG AGG GAC TAT ATC CAC CGT GTT CTG GAC AAA ATC ACA GAT ACT CTG
Gly Val Tyr Thr Phe Leu Ser Ser Thr Leu Lys Ser Leu Glu Glu Arg Asp Tyr Ile His Arg Val Leu Asp Lys Ile Thr Asp Thr Leu 480
1643  ATA CAC CTA ATG GCA AAG TCA GGT CTT TCT CTG CAG CAG CAA CAC CGG CGA CTA GCT CAG CTC CTC CTT ATC CTC TCT CAC ATC AGG CAT
Ile His Leu Met Ala Lys Ser Gly Leu Ser Leu GIn GIn GIn His Arg Arg Leu Ala GIn Leu Leu Leu Ile Leu Ser His Ile Arg His 510
1733 ATG AGC AAC AAA GGA ATG GAG CAC CTG TAC AAT ATG AAG TGT AAA AAT GTA GTT CCG CTC TAC GAC CTC TTA CTG GAG ATG CTG GAC GCT
Met Ser Asn Lys Gly Met Glu His Leu Tyr Asn Met Lys Cys Lys Asn Val Val Pro Leu Tyr Asp Leu Leu Leu Glu Met Leu Asp Ala 540
1823  CAC CGC CTA CAT GCA CCG GCA GCC AGG AGT GCT GCA CCA ATG GAA GAG GAG AAC CGA AAC CAA CTG ACA ACC GCA CCA GCT TCA TCT CAT
His Arg Leu His Ala Pro Ala Ala Arg Ser Ala Ala Pro Met Glu Glu Glu Asn Arg Asn GIn Leu Thr Thr Ala Pro Ala Ser Ser His 570
1913 TCC CTG CAG TCC TTT TAC ATT AAC AGC AAA GAA GAG GAG AGT ATG CAG AAT ACA ATAACA AAA GTC AGC ATA TAA TAA TGG TAT GAG
Ser Leu GIn Ser Phe Tyr Ile Asn Ser Lys Glu Glu Glu Ser Met GIn Asn Thr Ile [*** 589
2003 AAACCCAGCAGCGTACTACCTAGCTCATGCTTCATTTCATCTATAGTGCCACATATGTCAACACTCCAATGACATTAGCCACCggaattc. ..

EcoRI

Fig. 1. Coding sequence of the chicken oestrogen receptor. The nucleotide sequence of the chicken ER clone A\cOR20 is shown from the first nucleotide after
the EcoRlI linker (GGAATTCC) to nucleotide 2088. The numbers on the left refer to the position of the nucleotides and on the right to that of the amino
acids. The sequence contains three open reading frames of 20 (ORF 1), seven (ORF 2) and 589 amino acids, respectively. The initiation and stop codon for

each of these reading frames is boxed.
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K 4
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CER
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hER 301 L 0 0 L T s 6

*
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v

hER 351

* *
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hER 401 N
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hER 451 K H AT

*
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hER 501| Q S
cER 545 HARSAAFHEEEHRNOL"A-PASSNSLOSFVIISKEEESNQMH F
hER 551 TS 66 SY TDQSH A GST KY -TG A GFPA Y

Fig. 2. Comparison of the chicken and human oestrogen receptor amino
acid sequences. (a) Comparison of the 20 amino acid open reading frame of
both the chicken (cER) and human (hER) ERs. Only non-identical amino
acids are shown in the hER sequence. (b) Comparison of the cER (589
amino acids) and hER (595 amino acids) sequences. Only non-identical
amino acids are shown in the hER sequence. Gaps were introduced into the
sequence (—) in order to obtain maximal alignment of identical amino acids.
The numbers on the left hand side refer to the amino acid sequence. The
sequence was divided into six regions (A—F) based on sequence homology
between cER and hER. The three most highly conserved regions [A. amino
acids 1 —37: C. 180—262: E. 302—552 (amino acid numbers with respect
to hER)] are boxed. Conserved cysteines ( ¢ ) are indicated.

C D

Homology of v-erbA with oestrogen and glucocorticoid receptors

(V.Kumar, S.Green, A.Staub and P.Chambon, in preparation).
The high degree of homology present in region A suggests that
it is an important functional domain of the ER, whereas the lower
conservation of regions B, D and F suggests that their integrity
is less important for ER function.

Domain conservation in the oestrogen and glucocorticoid recep-
tors and v-erbA

Sequence homologies have been found between the AEV on-
cogene potentiator gene v-erbA and both the human glucocor-
ticoid (Weinberger et al., 1985b) and oestrogen (Green et al.,
1986) receptors. These three sequences, together with that of the
chicken ER, have been computer-aligned for maximal homology
(see Argos, 1985 for details). As shown in Figures 3 and 4,
homologies are revealed between the four sequences by the in-
troduction of few amino acid gaps. Starting at the N-terminus
of v-erbA, the mean correlation coefficient, using six amino acid
physical characteristics (Argos et al., 1983), between the se-
quences of hER and hGR, hER and v-erbA and hGR and v-erbA
are 0.39, 0.35 and 0.38, respectively (these values are 9.1, 8.2
and 8.6 SD above the control mean, respectively).

Both hGR and v-erbA contain two regions which are
significantly homologous to the two highly conserved regions C
and E of the ERs (Figures 3 and 4). It is striking that all nine
cysteines present in region C of the ERs are conserved in both
GR and v-erbA (Figures 3e and 4). Similarly 8/10 basic amino
acids present in the ER are fully conserved, whereas the remain-
ing two, whilst identical in the GR, represent conservative
changes as DNA-binding amino acids in v-erbA (Arg — Thr,
Lys — Asn; Ohlendorf and Matthews, 1983). The homology
in region E, corresponding to amino acids 315—540 of the hER

14 [250) 260¢2) 301
hER 16 262
38%, E
cER ‘ M B
209(2) 254(2) B 390(1) 397(1)
adn
4 184 21 314)1)
hER 146 5(2) ) 26002) 396(1) 403(
s
hGR 25% I 13% 65') 4.5% &)
89 121(1)134(3)[139 39392“""5:@6’ Jdsam 20) 514(3) [531 630(1)
4
hER  146- [184) 21520 [0l 2602) [314f1) 396(1) 403(1) 563 595
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Fig. 3. Schematic alignment of the oestrogen and glucocorticoid receptors and the v-erbA protein. The four amino acid sequences (hER, human oestrogen
receptor; cER, chicken oestrogen receptor; hGR, human glucocorticoid receptor; and v-erbA) were aligned by computer introducing gaps for maximal align-
ment of all four sequences using the criteria as described by Argos (1985). The alignment shown here is identical to that shown in Figure 4. The positions of
gaps introduced into the sequences to maximise the alignment are shown with the length of each gap given in parentheses. The sequences were then compared
in pairs: (a) hER with cER. (b) hER with hGR, (c)hER with v-erbA and (d) hGR with v-erbA. The hER/CER aligned sequences have been divided into six
regions (A—F) based on their homology (see also Figure 2). The position of the amino acids corresponding to the boundaries of these regions which are com-
mon to all four sequences are boxed. No homology was observed between residues 140 and 389 of the hGR sequence and hER (dotted line). Shaded regions
refer to compared sequences possessing significant homology (greater than 3 standard deviations above the control mean, see Figure 4). The correlation of the
alignment (see Figure 4) between two sequences was calculated over six amino acid physical characteristics (see Argos er al., 1983; Argos, 1985) and is
dependent upon both the similarity and length of the aligned sequences. The percentages of aligned amino acid residues which are identical in each region are
indicated. Those amino acids which are identical in at least three out of four of the sequences are indicated in e (see also Figure 4). Highly conserved cys-

teines (¢ ) and basic amino acids (O) are indicated (see also Figure 4).
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region A
cER 1'|MTMTLHTKASQY

' vilLLhaig RPQL H RIS E r'
LH xq PlL
hGR 89 YMGETETKV TSLSSGET eIANLNRs --- 139

hER 1 [MTMTLHTKAS
aaaaaaaaat tcccbbbttttcccttttcccccaaaaaaabbbbtttttttttt

region B

ceR 140 [PPAFYRAS[SDNR d@x ST

hER 146 [PPAFYRPNISDNR LAST

hnGR 390 SNGJYSSP RP STAT

erbA 1 EDTRWLDGKHKRK-SSQCLVKISIS-MSG)Y IIP|SCLDKDEQ-
tttttttttttttt tccctttttaaaaaaaaaaaabb

region C

P o o & ¢ ¢ 77 ¢ ol

CER 179 |CAVCNDYASGYHYGVWSCEGCKAFFKRSIQ HNDYMCPATNQCTIDKNRRKSCQACRLRKCYEVGM
hER 185 CAVCNDYASGYHYGVHSCE KAFFKRSII - OACRLRKCYEVGM
hGR 421
erbA 37

erbA 105

region D
CER 245 R DSIRNGE
hER 251 R Ev
hGR 487 1 ;‘ TKKK

t

ccctttectt ccccaaaaaaaaaaattttttt ttttttcccccccbbbaaaaatttcccccccca

region E

cER 309
hER 315
hGR 532
erbA 173

cER 370
hER 376
hGR 693
erbA 232 ME TIMIS

aaaaacccaaaaaabbbb-'ccaaaaaadaatttaaaaaa t ccccbbbbbaaaaaattt

CER 429 |FRMMNLQGEEFVCLKSIILLY
hER 435 FRMMNLGEEFVCLKSIIL N

hGR 653 KDL TRMTIMTKELG
erbA 290 X Ml DKJIEKCQESYLLAFE-
cER 490
hER 496
hGR 708
erbA 343

region F

cER 535 -jDAHRLHA NRN AdssusLdseyins MQNITH
hER 541 DAHRLHA VEE[TDQS STISSHSLOKY|YI|T - FP
hGR 754 RETTTNQIPKYSNGNIKKLLFHQK

erbA 381 ------- PPRRCRALQILIGISILPFY

aaaacccaaaaaatttttttaaaaaaaaaaaattttttccbbbbbbtttcctttttce

Fig. 4. Alignment of the oestrogen and glucocorticoid receptors and the v-erbA protein. The four sequences. cER, hER, hGR and v-¢rbA, were aligned as
described in Figure 3. The aligned sequences have been divided into six regions (A —F) based on their shared homology. Note that the last 11— 14 C-terminal
amino acids of the v-erbA sequence appear to be derived from env-related and c-erbB intron sequences (Henry er al., 1985). Numbers represent the position
of the amino acid residues in each sequence. Identical amino acids, in two or more sequences, are boxed. The predicted secondary structure, based on the
average of the aligned residues (see Argos, 1985 for details), is indicated below the lower line of each alignment (a = helix, b = @ strand, t = turn, ¢ =
coil). In region C: e, represents fully conserved cysteine residues; O, fully conserved lysine or arginine residues; and @, fully conserved basic residues
(mixture of lysine or arginine). The mean correlation coefficients and number of standard deviations above the control mean (in parentheses) (see Argos,
1985) for the hER/hGR, hER/v-erbA and hGR/v-erbA alignments for each of the different regions are as follows: A, (hER/hGR only) 0.30. (2.50): B.
—0.05, 0.15, 0.32 (—, I.l0, 2.30); C, 0.68, 0.63, 0.64 (6.40, 5.90, 6.00); D. 0.0, 0.24, 0.27 (—. 2.20, 2.30); E, 0.41, 0.33, 0.35, (7.30. 5.60. 5.90). F,
0.22, 0.03, 0.27 (2.20, —, 2.50). Values for the overall alignments (B—F) are: 0.39 (9.10) for hER/hGR; 0.35 (8.2¢) for hER/v-erbA; 0.38 (8.60 for
hGR/v-erbA. (For details of the statistical procedure see Argos, 1985; Green et al., 1986.)
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sequence (Figures 3 and 4), is greater between the hER and the
hGR than between either of them and v-erbA. The average cor-
relation coefficients are 0.41 (hER/hGR), 0.33 (hER/v-erbA) and
0.35 (hGR/v-erbA), with standard deviations above the control
mean of 7.3, 5.6 and 5.9, respectively. The conservation of quite
a number of amino acids in all four sequences suggests that the
overall structure of this hydrophobic region may be similar in
all four proteins. Note, however, that none of the positions of
the cysteine residues are fully conserved. Region D, which
separates the conserved domains C and E, is not significantly
conserved between the ER, GR and v-erbA sequences and is
markedly shorter in the GR sequence (Figures 3 and 4). No
significant homology could be detected between region B of the
ER and the corresponding region of the GR and v-erbA (Figures
3 and 4). There is, however, some homology between region
A of the ER and a portion of the N-terminal region of the GR
(Figures 3 and 4).

Discussion

Comparison of the chicken and human ER amino acid sequences
shows the presence of three highly conserved regions A, C and
E (Figures 3a and 4). Extending this comparison to the human
GR and v-erbA sequences shows that homologous counterparts
of these three regions are similarly arranged in the hGR, whereas
v-erbA contains sequences homologous to regions C and E only
(Figures 3 and 4). This leaves little doubt that these two steroid
hormone receptors and the erbA genes are all derived from a
common primordial gene.

The hydrophilic region C, which is rich in arginine and lysine,
is remarkable in that the position of nine cysteine residues is fully
conserved (9/9, 9/10 and 9/11 of the cysteines of the ERs, GR
and v-erbA, respectively). As mentioned above (V.Kumar et al.,
in preparation), sequences present in this region are required to
ensure tight association of the oestrogen receptor complex to the
nucleus when the ER is transiently expressed in HeLa cells (Green
etal., 1986). It has been proposed that steroid —hormone recep-
tor complexes exert their transcriptional regulatory function by
binding to specific promoter elements (for review see Yamamoto,
1985). This proposal has been experimentally supported in the
case of the glucocorticoid and progesterone receptors (for
references and review, see Von der Ahe et al., 1985; Yamamoto,
1985). Thus, it is most probable that region C corresponds to
a DNA-binding domain in which the conserved cysteine residues
may constitute the common structural scaffolding and/or act to
facilitate signal transmission after the receptor binds its ligand,
whereas the specificity of DNA-binding could reside in some of
the less conserved amino acids. DNA-binding domains of pro-
karyotic transcriptional regulatory proteins contain an «-helix —3-
turn —a-helix secondary structure, in which the two helices pro-
vide the binding specificity through intimate contact in the ma-
jor groove of the B form of the DNA helix (for references see
Pabo and Sauer, 1984; Anderson et al., 1985). The Xenopus 5S
transcription factor, TFIIIA (Brown et al., 1985; Miller et al.,
1985), and the product of a Drosophila segmentation gene, Kriip-
pel (Rosenberg et al., 1986), contain repeated motifs rich in cys-
teine, histidine and basic amino acid residues, which are thought
to bind Zn** and may correspond to another kind of DNA-
binding domain (for review and additional references, see Berg,
1986). The putative DNA-binding domain described here is
unlikely to form a helix —turn —helix secondary structure especial-
ly given the high 3-strand —turn prediction (Figure 4) and the
arrangement of its cysteine and histidine residues is markedly
different from the TFIIIA motif. It may therefore be characteristic
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of a new family of regulatory DNA-binding proteins.

The hydrophobic region E, which is highly conserved in the
human and chicken ER, is less well conserved in hGR and v-
erbA than is region C. As mentioned, deletions within domain
E have shown that its integrity is required for the binding of
oestradiol by the hER using a HeLa cell transient transfection
assay (Green et al., 1986). Sequences present in the carboxy-
terminal region of the hGR appear to be also required for hor-
mone binding (Hollenberg ez al., 1985). The affinity of steroid
hormones for the various receptors can differ considerably. Thus,
the moderate conservation of the putative steroid hormone-binding
domain E between the ER and GR may reflect a common overall
structure, creating a hydrophobic pocket which contains the
steroid-binding site whose specificity would reside in some of
the non-conserved amino acids. The secondary structure predic-
tion for this region suggests a domain primarily consisting of a-
helices and 3-strand, a structural mix typical in known tertiary
structures which form hydrophobic pockets (e.g. NAD-binding
domains and dehydrogenases; Rossman et al., 1974). The lack
of positional conservation of the cysteine residues between the
ERs, GR and v-erbA in domain E suggests that either cysteine
bridges are unimportant for the shape of such a pocket or that
its shape is different between the ER and GR. Comparison of
the four proteins suggests that the common domain E has a
minimum size of 226 amino acids (315—540 in the hER) with
a mol. wt of ~25 kd. It is interesting that proteolytic cleavage
of the rat GR has localised the hormone-binding site on a 25-kd
peptide fragment containing no DNA-binding activity (Wrange
et al., 1984). This is compatible with trypsin cleavage within
region D, which is rich in basic amino acids and likely to be
exposed.

Upon binding their cognate steroid hormones, the receptors
become more tightly bound to the nucleus, presumably because
their affinity for specific DNA sequences is increased (for
references, see Yamamoto et al., 1985). The underlying
mechanism is unknown, but may involve communication bet-
ween the hormone-binding and DNA-binding domains. That
region D, which separates domains C and E, is the least con-
served when comparing the two ERs and is not significantly con-
served (in neither length nor sequence) when all four proteins
are compared, suggests that its function does not require a highly
specific structure. The predicted secondary structure of the highly
hydrophilic region D is rich in turn and coil and thus likely to
be flexible. It is more probable, therefore, that communication
between domains C and E involves direct contacts between them,
rather than the transmission of a signal through region D; the
latter may provide a hinge between the two domains. Such a
structural arrangement containing two important functional do-
mains separated by a hinge has been recently described for pro-
karyotic and eukaryotic DNA-binding transcriptional regulatory
proteins (see references in Brent and Ptashne, 1985). Comparison
of all four protein sequences (Figures 3 and 4) suggests a
minimum size of 356 amino acids (185—540 in the hER; mol.
wt ~39 kd) for the receptor region containing both the DNA-
and the hormone-binding domains. This is in agreement with the
results of chymotrypsin cleavage studies with the rat GR which
have shown that a 39-kd fragment contains both DNA- and steroid
hormone-binding domains (Wrange et al., 1984).

The conservation of region A between the human and chicken
ERs suggests that it plays an important role in the function of
the ER. The mechanism of ER action may require the receptor
to interact with some element(s) of the transcription machinery
in addition to its interactions with the hormone and the DNA.
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The N-terminal region A may perform such a function. In this
respect, we note that this region appears also to be partially con-
served at the amino acid end of the GR. Whether a similar region
is also present in the N-terminal region of the cellular counter-
part (c-erbA) of v-erbA will require its cloning and sequence
determination, since v-erbA corresponds to a truncated c-erbA
fused to the AEV gag gene (Debuire et al., 1984).

Region B, which is moderately conserved in the human and
chicken ERs, is not conserved at all in the hGR, where it con-
tains the immunogenic domain whose function is unknown.
Weinberger et al. (1985b) have found a limited match between
short sequences present in this region and the sequences of the
homeotic proteins encoded by the Drosophila Antennapedia genes
(Scott and Weiner, 1984) and Fushi tarazu (Laughton and Scott,
1984). No such homologies could be detected between these genes
and the ERs. Steroid hormone receptors are often associated with
90-kd heat-shock protein(s) which are present in cells in large
amounts (see Catelli et al., 1985 for references). Since the recep-
tor domain which is recognized by this protein should be com-
mon to both the ER and GR, it is unlikely that it could be either
of the two less conserved regions B and F, unless the interaction
region is small and weakly conserved.

v-erbA is expressed as the p75 gag—v—erbA fusion protein
in AEV-transformed cells. It has no transforming activity by itself
but potentiates the transforming activity of v-erbB and appears
to be responsible for the early blockage of erythroid cell differen-
tiation (Frykberg er al., 1983). The function of c-erbA, the
cellular counterpart of v-erbA, as well as that of a related gene
which has been found in the human genome (Jansson et al.,
1983), is unknown. That v-erbA contains sequences homologous
to both the putative DNA- and hormone-binding domains of the
ERs, which are also conserved in the hGR, strongly supports
the view that c-erbA belongs to a multigene family of DNA-
binding transcriptional regulatory proteins, which bind steroid-
related molecules and are all derived from a common ancestor.
Assuming that v-erbA can exert the same function as c-erbA, the
blockage of erythroblast maturation at an early stage of differen-
tiation may be due to the inappropriate expression of c-erbA-
controlled genes, which are not normally expressed at this stage
of differentiation. On the other hand, assuming that the struc-
ture of the c-erbA protein is similar to that of the oestrogen and
glucocorticoid receptors, v-erbA, which is a truncated c-erbA,
may contain the DNA- and hormone-binding domains C and E,
but not the N-terminal regions A and B. This may allow the v-
erbA protein to bind to c-erbA DNA regulatory sites, but, due
to the absence of regions A and B, it may be unable to activate
transcription. This possibility raises the interesting alternative ex-
planation that the v-erbA protein could block erythroblast dif-
ferentiation by competing for the same DNA regulatory sites as
c-erbA. The normal function of c-erbA should then be to activate
the transcription of genes whose expression is required at an early
stage of differentiation for erythroblast maturation. In support
of such a model, it has been shown that a mutant of the yeast
GALA transcriptional regulatory protein, containing the DNA-
binding domain but lacking transcriptional activator domains, is
able to repress those same genes which it normally activates
(Keegan et al., 1986).

Further characterisation of c-erbA, site-directed mutagenesis
experiments and the creation of chimeric proteins by swapping
over the various domains of the ER, GR and c-erbA proteins
will be helpful in elucidating the function of the various steroid
hormone receptor domains, in characterising the relationship
between the various members of this new multiple family and
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in explaining how some of them can potentiate the transforming
activity of oncogenes.

Materials and methods

Sucrose gradient enrichment of chicken ER mRNA

Total RNA was isolated from laying hens (Auffray and Rougeon, 1980) and
purified by oligo(dT)-cellulose chromatography. One hundred microgrammes of
this RNA were fractionated on 5—20% methyl mercury hydroxide-containing
sucrose gradients (Walter er al., 1985). One-tenth of each of the 28 fractions
was fractionated on a 1% agarose gel containing 10 mM methyl mercury hydroxide
(Bailey and Davidson, 1976), transferred to diazobenzyl-oxymethyl (DBM) paper
(Alwine et al., 1979) and hybridised with the nick-translated insert of N\OR8 (Walter
et al., 1985).

Cloning of the chicken ER cDNA in \gt10

Those fractions of the sucrose gradient which were enriched in ER mRNA were
pooled and used to prepare randomly primed cDNA, suitable for insertion into
the Agt10 vector (Huynh er al., 1985), as previously described (Walter et al.,
1985). The phage were plated onto Escherichia coli C600 hfl, without amplifica-
tion, with ~3000—5000 phage per 8.5 cm Petri dish. Duplicate filters were
screened with the nick-translated insert of NOR8 (sp. act. ~2 X 10% c.p.m./ug.
200 000 c.p.m. per filter) overnight at 65°C (0.6 M NaCl, 0.06 M Tris-HCI
pH 7.5, 0.004 M EDTA, 0.1% polyvinylpyrolidone, 0.1% bovine serum albumin,
0.1% ficol, 0.2% SDS, 50 pg/ml salmon sperm DNA). The filters were washed
three times for 30 min at 65°C in hybridisation buffer without salmon sperm
DNA, followed by a 30 min wash at room temperature in 2 X SSC (0.3 M NaCl,
0.03 M sodium citrate). Sixty-three clones, positive after two rounds of screen-
ing, were isolated from 860 000 phages. In order to isolate a chicken clone con-
taining the complete ER coding sequence, these clones were screened using three
subclones of AORS8 corresponding to the 5’ end [Smal(77) — Smal(476)], the middle
[Smal(476) — HindlII(1248)) and 3’ end [HindIlI(1248) — EcoRI(2030)] of the ER
coding sequence (Green et al., 1986).

Sequencing

The 2.1-kb insert of \cOR20 was subcloned into the EcoRI site of pBR322, map-
ped, and further subcloned into M13mp8. Sequencing was performed using the
dideoxy technique on both strands of the DNA. Sequencing was primed using
either the M 13 universal primer or synthetic oligonucleotide primers correspon-
ding to the chicken ER ¢cDNA sequence.
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Note added in Proof

Hartshorne et al. [Hartshorne,T.A., Blumberg,H. and Young,E.T. (1986) Nature,
320, 283 —287], have recently pointed out that two yeast transcriptional regulatory
proteins, GALA4 [Laughon,A. and Gesteland,R.F. (1984) Mol. Cell. Biol., 186,
260—267] and PPR1 [Kammerer,B., Guyonvarch,A. and Hubert,J.C. (1984)
J. Mol. Biol., 180, 239—250] contain a putative DNA-binding domain which
shares the cysteine-rich motif, Cys-X-X-Cys-(X);3-Cys-X-X-Cys, which is also
present in steroid hormone receptors begining at Cys'®3 in the hER (see Figure
4). These authors suggest that such motifs, with two pairs of cysteine residues,
may also form a DNA-binding ‘finger’ with the four cysteine residues bound
to Zn?* and some of the other amino acids making contact with the DNA. The
C-terminal half of the putative DNA-binding domain of the steroid hormone recep-
tors (216 —250 for hER) does not contain the same motif, but is rich in cysteine,
histidine and basic amino acids and may, therefore, be also organized into some
kind of DNA-binding ‘finger’.
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